Introduction
Irritable bowel syndrome (IBS) is the most prevalent functional gastrointestinal disorder in the Western world. Although it does not have a lethal prognosis, IBS may significantly decrease the quality of life of patients depending on the severity of symptoms, which characteristically include abdominal pain, bloating, distension, and altered bowel habits (Mearin et al., 2016) .
IBS is a widely heterogeneous condition in terms of etiology, pathogenesis, and clinical presentation. In a recent paper, Collins (2014) proposed to explain the intestinal dysfunctions associated with IBS through a gut-microbiota-centered model. According to this model, triggers such as extensive antibiotic use, infections, and/or stress affect host functions, including mucin production, gut motility, and hormone secretion, lead to dysbiosis (i.e., structural and functional alterations of the intestinal microbial ecosystem; IME), which in turn, promotes chronic gut dysfunction. Hence, Collins' model highlights the central role of the intestinal microbiota in IBS, in agreement with clinical evidence of the benefits generated by gut microbiota-targeting strategies, such as the use of the poorly absorbed antibiotic rifaximin (Li et al., 2016) and probiotics (O'Mahony et al., 2005; Guglielmetti et al., 2011) . Accordingly, gut dysbiosis was often observed to be a common alteration associated with IBS (Taverniti and Guglielmetti, 2014; Zhuang et al., 2017) . Contextually, several possible bacterial signatures have been proposed to distinguish IBS patients from healthy controls, such as increases in certain Ruminococcus phylotypes, reduction of bifidobacteria, or expansion of Proteobacteria and Veillonella spp. (Taverniti and Guglielmetti, 2014; Rajilic-Stojanovic et al., 2015) . In addition, the available scientific literature also describes the significant role played by altered levels of short-chain fatty acids (SCFAs) in IBS (Ringel-Kulka et al., 2015; Camilleri et al., 2016; Farup et al., 2016) . For instance, Farup and colleagues proposed that propionate and butyrate may act as discriminatory factors to differentiate healthy subjects from subjects with IBS (Ringel-Kulka et al., 2015) . By contrast, in the study of Ringel-Kulka and colleagues (2015) , SCFAs were found to discriminate IBS from healthy controls only when based on the subtype. Therefore, although they are recognized as biomarkers for IBS (Kim et al., 2017) , SCFAs require further study to elucidate their actual role in IBS.
IBS is conventionally classified into four subtypes according to bowel habits: IBS with constipation (IBS-C), IBS with diarrhea (IBS-D), and IBS with alternating constipation and diarrhea (mixed IBS, IBS-M) as well as unsubtyped IBS (IBS-U) (Mearin et al., 2016) . The diverse mechanisms underlying the pathophysiology of IBS subtypes remain unknown, and validated mechanistic biomarkers for the IBS subtypes are not available (Kim et al., 2017) . IBS-subtype specific alterations of the intestinal microbiota have been reported (Malinen et al., 2005; Kassinen et al., 2007; Lyra et al., 2009; Carroll et al., 2010; Pozuelo et al., 2015; Tap et al., 2017) . For instance, Tap and colleagues (2017) reported that IBS-D patients had more Methanobacteriales than patients with other IBS subtypes, whereas Pozuelo and colleagues (2015) reported evidence for an association between lower microbial diversity and a decreased abundance of butyrate-producing bacteria in patients with IBS-D and IBS-M. However, data concerning the differences in the gut microbiota composition of the IBS subtypes are contradictory and are often based on methods that have low discriminatory power (Taverniti and Guglielmetti, 2014) .
Inspired by the above considerations, this study was conducted to evaluate whether specific fecal bacterial taxa and/or colonic SCFAs can be used to distinguish IBS subtypes and are relevant for defining the mechanisms that lead to the clinical differences between IBS subcategories. To fulfil this aim, we characterized the IME in IBS subtypes by means of 16S ribosomal RNA (rRNA) gene profiling and SCFA quantification of fecal samples derived from a multicenter intervention trial that we recently performed to assess the effect of a probiotic preparation (L. casei DG®; Lactobacillus paracasei CNCM I-1572) on the IBS symptoms of 40 patients (Cremon et al., 2018) . In addition, the clinical and immunological data collected during the trial were used to investigate potential correlations in IBS subtypes between the IME and host physiological and clinical parameters, including bowel habits, depression/anxiety scores, and fecal levels of IgA and cytokines. We propose that the bacterial taxa and SCFAs that were identified can be used as to distinguish IBS subtypes and can also serve as potential therapeutic targets.
Results
The overall bacterial diversity of the fecal microbiota does not discriminate among IBS subtypes 16S rRNA gene profiling was performed on 198 fecal samples (5 fecal samples collected from 39 subjects and 3 fecal samples from a subject who dropped out after visit V3), generating a total of 16,963,222 filtered high-quality sequence reads (a mean of 138,413 reads per sample). Rarefaction curves demonstrated that most fecal microbiota diversity had been covered (not shown). The Unifrac algorithm was used to investigate intersample β-diversity. The intrapatient variability observed among the five samples analyzed is shown in Supporting Information, Fig. S1 according to the two main components extracted.
In the subsequent analyses, besides considering the data of a single 16S rRNA gene profiling determination per subject at baseline (single profiling data, corresponding to the data obtained from the analysis of the first fecal sample per subject, collected at visit V1; n = 40), we also performed the analyses with data corresponding to the medians of five 16S rRNA gene profiling determinations per patient (median profiling data, corresponding to the median value of data obtained from the analysis of all fecal samples per subject, which were collected at visits from V1 to V5; n = 39).
Afterward, we investigated the β-diversity of the different types of IBS. This analysis revealed that both weighted and unweighted Unifrac cannot distinguish fecal samples on the basis of IBS subtypes either with individual ( Supporting Information, Fig. S2 ) or median (Supporting Information, Fig. S1 and Fig. 1 ) profiling data.
Next, intrasubject taxonomic richness and evenness (α-diversity) were analyzed using five algorithms; namely, observed OTUs, Chao1, Faith's Phylogenetic Diversity, and Shannon and Simpson indexes. The α-diversity indexes of the IBS subtypes did not significantly differ with either individual or median profiling data (Supporting Information, Fig. S3 ).
The microbiota profiling data were then stratified by enterotyping based on the relative abundances of the bacterial genera (Gargari et al., 2016 ). An optimal number of three groups of samples was generated; nonetheless, the Silhouette coefficient, which validates the consistency within groups of data, was too low to consider the clustering reliable (Supporting Information, Fig. S4 ). Notably, the taxonomic overview of all 198 IBS fecal samples analyzed revealed that the first seven most abundant genera belonged to the Firmicutes Grampositive order Clostridiales (Supporting Information ,  Fig. S5A ); in particular, Clostridiales accounted for 75% of the detected bacteria; in contrast, the relative abundance of members of the order Bacteroidales was lower than 10% (Supporting Information, Fig. S5A ). On the contrary, in our previous studies, we found that Bacteroidales (particularly the genera Bacteroides and Prevotella) were the dominant genera of the fecal microbiota in healthy volunteers (Ferrario et al., 2014; Gargari et al., 2016) . Therefore, at the end of the IBS trial, we analyzed additional fecal samples collected from 16 healthy adults through 16S rRNA gene profiling and adopting the same protocol used for the IBS samples with the sole aim of assessing whether the observed expansion of Clostridiales compared to Bacteroidales is a bona fide microbiological feature of the investigated IBS patients. The results showed that Clostridiales are largely dominant also in the feces of control subjects (Supporting Information, Fig. S5B ), demonstrating that the alteration of the Clostridiales/Bacteroidales ratio observed in IBS samples depended on technical issues, most likely the protocol used for the extraction of metagenomic DNA from the feces. Indeed, differently from this study, in our previous works, we extracted fecal metagenomic DNA using a commercial kit that did not include a cell-breaking step using bead beater, plausibly resulting in the underestimation of the Gram-positive bacteria (e.g., Clostridiales), which have a stronger cell walls than Gram-negative cells (e.g., Bacteroidales).
Overall, these data indicate that the bacterial ecological diversity indexes of the fecal microbiota do not vary significantly among IBS subtypes. The results of this study showed a general dominance of Clostridiales in the fecal samples collected from both IBS and control subjects.
IBS-C and IBS-D fecal samples are differently enriched in OTUs ascribed to Clostridiales
Subsequently, microbiomic data were examined with the DESeq2 negative binomial distribution method to infer differential relative abundances at the OTU level between IBS subtypes (IBS-C, n = 12; IBS-D, n = 11; IBS-M, n = 3; IBS-U, n = 11). The analysis was performed both on V1 and V1-5 profiling data; the IBS-M subtype was excluded because too few patients (n = 3) had this subtype to allow the identification of significant differences. We found that several OTUs discriminated among the three IBS subtypes considered ( Fig. 2 and Supporting Information, Fig. 6 ). A summary of the number of significantly different OTUs was plotted as a Venn diagram ( Fig. 2A) . Specifically, the analysis of median profiling data revealed 26 significantly different OTUs between IBS-U and IBS-C, 11 of which were also found while analyzing individual profiling data ( Fig. 2B and Supporting families Ruminococcaceae (in particular, the genus Ruminococcus) and Lachnospiraceae. In addition, two OTUs ascribed to Bifidobacterium adolescentis were increased in IBS-C, whereas OTUs associated with the order Bacteroidales (i.e., Bacteroides caccae, Parabacteroides distasonis and Prevotella copri) and to the Firmicutes species Eubacterium biforme were enriched in the IBS-D samples ( Fig. 2B and Supporting Information, Fig. 6 ).
Overall, these results indicate that the fecal microbiota of IBS-C and IBS-D are characterized by a different distribution of Clostridiales taxonomic units, whereas the fecal 
IBS subtypes are characterized by altered fecal levels of short-chain fatty acids
The intestinal levels of the short-chain fatty acids (SCFAs) acetate, butyrate, isobutyrate, valerate, isovalerate, and propionate were quantified in the IBS fecal samples and used to characterize the IBS subtypes. To determine the fecal microbiota composition, the SCFAs were analyzed considering the levels determined in a single fecal sample per patient (single analysis SCFA levels, n = 37; Supporting Information, Fig. 7 ) and the median values of five measurements per patient (median SCFA levels, n = 37; Fig. 3A ). SCFAs were also quantified in the IBS-M fecal samples, but this subgroup was excluded from the statistical analyses due to the limited number of patients (n = 3). In addition, the SCFA levels in the IBS samples were compared with those of healthy subjects (n = 25), which were determined in a previous study (Gargari et al., 2016) .
We found that the fecal levels of SCFAs clearly distinguished the IBS-C samples from the IBS-D and IBS-U samples. In detail, the levels of acetate, butyrate, propionate and valerate were significantly higher in IBS-D than in IBS-C. In addition, fecal concentrations of acetate, butyrate and propionate were higher in IBS-U than in IBS-C. Compared to all IBS samples considered together, the fecal level of acetate was significantly lower in IBS-C, whereas the fecal level of valerate was significantly higher in IBS-D (Fig. 3A) . No significant differences among the IBS subgroups were observed for isobutyrate and isovalerate (Fig. 3A) .
We did not find significant differences between the IBS samples and healthy controls with the sole exception of isovalerate, which was lower in IBS. Nonetheless, notably, numerous significant differences emerged when the IBS subtypes were considered separately. We found that acetate and propionate where significantly higher in IBS-D compared to healthy controls, whereas acetate and valerate were significantly lower in IBS-C than controls; globally, the total concentration of SCFAs was significantly higher in IBS-D and lower in IBS-C compared to healthy controls, whereas IBS-U levels were not dissimilar from the controls (Fig. 3A and Supporting Information, Fig. 7 ).
Subsequently, a principal component analysis (PCA) was performed to discriminate samples based on fecal SCFA levels. As evidenced by the PCA bi-plot depicted in Fig. 3B , increased levels of acetate, butyrate and propionate characterized the IBS-D samples and distinguished them from the IBS-C samples (R = 0.133; p = 0.011 according to ANOSIM test); on the other hand, IBS-U and the healthy controls are located in an intermediate area of the plot.
Overall, these data indicate that significant differences in the fecal levels of SCFAs can be found between healthy adults and IBS patients only if IBS subtypes are considered; specifically, IBS-D samples are characterized by the increase of and IBS-C samples are characterized by the decrease of the fecal levels of SCFAs. Contrarily, fecal SCFAs were not dissimilar between the IBS-U and control samples.
The intestinal microbial ecosystem reflects clinical features of IBS subtypes
Finally, we performed correlation analyses between the fecal microbial ecology data and clinical parameters of the IBS patients to find relationships between IME and the clinical parameters. The correlation analysis was performed as described in the materials and methods section using a non-parametric correlation test (Spearman and Kendall). To this end, we used as predictors the fecal levels of SCFAs or the relative abundances of the OTUs that we found to be significantly different between IBS subtypes; the dependent variables considered were SCFAs, Bristol stool scale data (to assess bowel habits), abdominal pain/discomfort score, fecal levels of IgA and cytokines (TGFβ, IL6, IL8, IL10, IL12, OTUs that also distinguished IBS subtypes according to the single profiling data analysis are reported in bold. The heatmap on the left represents the mean normalized relative abundances of the reported OTUs. The taxonomic lineage of each taxon is shown: p, phylum; c, class; o, order; f, family; g, genus; s, species. Positive fold changes (shown on a red background) designate OTU overrepresentation in the IBS subtype indicated in the column to the left of the normalized base mean; negative fold changes (shown on a green background) designate the OTU overrepresentation in the IBS subtype indicated in the column to the right of the normalized base mean. The heatmap in the right panel represents the R value of Spearman's correlation between the OTU and host parameters. Asterisks indicate the Kendall rank correlation: *P < 0.05; **P < 0.01; ***P < 0.001. Black margins around boxes indicate that the correlations remained significant (according to Kendall's P value) when determined using individual sample data. [Colour figure can be viewed at wileyonlinelibrary.com] IFNγ, and TNFα), and HADS and SF-12 questionnaire data (to evaluate anxiety and depression, and quality of life, respectively) (Cremon et al., 2018) . As with the previous analyses, correlations were estimated based on data collected at a single time point (V1) and on median data for multiple time points (V1-V5).
We found that host parameters were significantly correlated with numerous OTUs (Fig. 2B) . Notably, we found that most Clostridiales OTUs that were enriched in IBS-C samples were negatively correlated with the fecal SCFAs propionate and butyrate, whereas several Clostridiales OTUs that were overrepresented in IBS-D were positively A. Medians of SCFA concentrations in five fecal samples (wet weight) per IBS patient (n = 37; IBS-D, n = 11; IBS-C, n = 12; IBS-U, n = 11; IBS-M, n = 3) and in healthy controls (n = 25; data from Gargari et al., 2016) . Significance was determined using the Mann-Whitney test; *P < 0.05; **P < 0.01. B. Principal component analysis (PCA) biplot of SCFAs (represented by arrows) and IBS patients. The first two coordinates (PC1 and PC2) are displayed with the percentage of variance explained in brackets. [Colour figure can be viewed at wileyonlinelibrary.com] correlated with acetate and valerate (Fig. 2B) . Moreover, most IBS-C-enriched OTUs that were inversely linked to SCFAs were positively correlated with several cytokines (particularly IL10) and were negatively correlated with IgA. Conversely, several IBS-D-enriched OTUs that were positively associated with SCFAs were also positively correlated with the fecal type as determined using the Bristol stool scale (Fig. 2B) . Accordingly, we found a positive correlation between the fecal type and acetate, butyrate, and valerate (Fig. 4) . In addition, notably, IgA resulted positively correlated with evacuation frequency and negatively correlated with IL10 and TNFα (Fig. 4) .
Overall, these results indicate that the differential representation of Clostridiales OTUs between IBS subtypes is associated with altered levels of intestinal SCFAs; then, in turn, both OTUs and SCFAs are associated with stool consistency.
Discussion
The primary aim of this study was to characterize the gut microbiota in IBS subtypes. To achieve this, we carried out 16S rRNA gene profiling and SCFAs quantification in 198 fecal samples obtained from 40 IBS patients enrolled in 5 Italian hospitals (Cremon et al., 2018) .
Temporal instability is a distinguishing feature of the intestinal microbiota associated with IBS Maukonen et al., 2006; Durban et al., 2013) ; for this reason, it was suggested that studies aimed at characterizing the gut microbiota in IBS should include multiple time points (Collins, 2014) . Accordingly, in this study, we based microbiota analyses on data obtained from five fecal samples collected at 4-week intervals from each patient. These samples derived from a randomized cross-over intervention trial that assessed the clinical efficacy of a probiotic product. Although we are aware that the treatment may have affected the intestinal microbiota of IBS patients, we believe that the benefits of using five different fecal samples per subject are greater than the possible bias incurred and may permit a more reliable identification of gut microbiota biomarkers for IBS subtypes, for the following reason: All the analyses were carried out considering only data at baseline (i.e., originating from the analysis of the fecal samples collected at visit V1, when no product or placebo had yet been administered to the patients; single sample data analysis); single sample data analysis implies a mistake due to the great variability of the gut microbiota in IBS subjects, whereas the analysis with the median data of five samples per subject may determine an error due to the subjectdependent response to the probiotic treatment. The two potential errors are compensated by the combined use of the results derived from the analyses of single and median data. We believe, therefore, that those OTUs and SCFAs that yielded significantly different results between IBS subtypes based on the analysis of both data populations can be very plausibly considered valid microbial signatures.
Several studies focused on the characterization of the microbiota in IBS, with particular attention being paid to the identification of microbial markers distinguishing this dysfunction from the healthy condition (Zhuang et al., 2017) ; however, much less attention has been spent to compare the IMEs of IBS subtypes. In this context, Tap and colleagues (2017) recently reported that neither the richness nor the variability of the intestinal microbiota differed among IBS groups. Accordingly, we did not find significant differences in either α-or β-diversity among the IBS subtypes. In a previous study, Jeffery and colleagues (2012) used pyrosequencing of the 16S rRNA gene to determine the microbiota composition in fecal specimens from 37 IBS patients. Notably, they identified distinct IBS patient subsets; however, these did not correspond to the traditional IBS subtypes (Jeffery et al., 2012) . On the contrary, in the present study, we found that the relative abundance of numerous OTUs were significantly different among the IBS subtypes. In particular, we report here that major differences exist in Clostridiales OTUs between IBS-C and IBS-D feces; conversely, IBS-U fecal samples differed much less from IBS-C and IBS-D in terms of OTUs.
A rapidly expanding body of literature is demonstrating the clinical efficacy of dietary patterns based on Fig. 4 . Correlations among short-chain fatty acids (SCFAs), physiological data, and clinical parameters. The analysis was performed using median data. The heatmap represents the R value of Spearman's correlation. Asterisks indicate the Kendall rank correlation: *P < 0.05; **P < 0.01; ***P < 0.001. Black margins around boxes indicate that the correlations remained significant (according to Kendall's P value) when determined using individual sample data.
[Colour figure can be viewed at wileyonlinelibrary.com] drastically reducing fermentable oligo-, di-, monosaccharides, and polyols (the low-FODMAP diet) (Eswaran et al., 2016) . Reportedly, FODMAPs are preferential fermentation substrates for the intestinal Clostridiales bacteria (Flint et al., 2012) ; accordingly, several trials have demonstrated that these bacteria may be affected by reduced FODMAP intake (Chumpitazi et al., 2014; Halmos et al., 2015; McIntosh et al., 2016) . Therefore, we speculate that Clostridiales bacteria in the gut of IBS patients may represent a therapeutic target modulated by the low-FODMAP diet.
Many OTUs that distinguished IBS-C from IBS-D samples belonged to the Clostridiales families Ruminococcaceae and Lachnospiraceae. The importance of these gut bacteria in IBS was also evidenced by the study of Tap and colleagues (2017) , who defined a composite gut microbial signature for IBS severity constituted by 90 OTUs; at the family level, these principally included OTUs within Lachnospiraceae and Ruminococcaceae. Lachnospiraceae and Ruminococcaceae, which are the most commonly retrieved families in the active intestinal microbiota (Peris-Bondia et al., 2011) , are considered the principal intestinal microorganisms that degrade plant carbohydrates (Wolin et al., 2003; Chassard et al., 2007; Flint et al., 2012) , producing SCFAs as their main catabolites (Flint et al., 2012) . These bacterial families include the most important butyrate-producing microorganisms in the human gut such as the genera Faecalibacterium and Roseburia (Barcenilla et al., 2000; Louis et al., 2010) as well as bacteria that can produce acetate from reductive acetogenesis (Bernalier et al., 1996; Rey et al., 2010) and butyrate or propionate from lactate utilization (Duncan et al., 2004; Rios-Covian et al., 2016) .
Considering the above-mentioned literature, the observed differential OTU distribution between IBS-C and IBS-D samples suggest that the IBS subtypes have dissimilar fecal levels of SCFAs. Accordingly, we found significantly lower levels of acetate, butyrate, propionate and valerate in IBS-C samples. Notably, these results were also confirmed when considering the data calculated as the medians of five determinations per subject over 4 months, confirming the observed differences in SCFAs between IBS subcategories.
The scientific literature on intestinal SCFAs in IBS is quite limited and contradictory, showing no altered, augmented, or decreased levels compared to healthy controls (Mortensen et al., 1987; Treem et al., 1996; Tana et al., 2010; Halmos et al., 2014; Rajilic-Stojanovic et al., 2015) . In our study, we did not find significant differences in the fecal levels of the main SCFAs when the data from all IBS samples were compared with the fecal SCFA concentrations found in healthy adults as determined using the same protocol in a recent study (Gargari et al., 2016) . Nonetheless, substantial differences emerged when the IBS subtypes were considered independently. Our data are in accordance with the study of Ringel-Kulka et al. (Ringel-Kulka et al., 2015) , in which IBS-D patients (n = 42) were shown to have significantly higher fecal levels of acetate, propionate, and butyrate than IBS-C patients (n = 26). Interestingly, in this study, the authors also found that fecal SCFA concentrations were negatively correlated with colon transit time. This result is potentially in agreement with the positive correlation we found between fecal type (determined using the Bristol stool scale) and acetate, butyrate, and valerate levels.
The link between colon transit time and intestinal SCFAs in IBS subtypes can be explained by two possible opposite mechanisms (Ringel-Kulka et al., 2015) : (i) compared to IBS-C, IBS-D patients are characterized by increased colonic fermentation, which leads to higher fecal levels of SCFAs, thereby stimulating intestinal motility (Fukumoto et al., 2003) and reducing transit time; or (ii) decreased transit time in IBS-D patients slows down SCFA absorption, leading to higher SCFA concentrations in the feces compared to those in IBS-C patients. Here, we showed that several OTUs were significantly enhanced in IBS-D compared to IBS-C, and this was correlated positively with fecal levels of SCFAs (especially acetate) and fecal type; at the same time, a number of OTUs that were expanded in IBS-C were inversely correlated with SCFAs. Nevertheless, both explanatory scenarios are still valid. On one hand, it is possible that the different distribution of intestinal bacteria is responsible for the dissimilar concentration of SCFAs in IBS subtypes. On the other hand, it can be speculated that bacteria in the colon may be differently affected by modified intestinal transit (for instance, due to variable adhesion abilities and/or cell reproduction rates among the diverse bacteria) with a consequent modification of the relative distribution of bacterial taxa in feces. However, two facts might support the first scenario: (i) most of the fecal bacteria that distinguish IBS-C from IBS-D are members of taxa known to be SCFA producers and (ii) it is known that SCFAs stimulate colonic motility and may increase the osmotic load leading to diarrhea (Fritz et al., 2005) . In summary, we think it is reasonable to hypothesize a selfperpetuating mechanism in which an initial modified colon transit time (determined by any possible trigger, such as gut infections or intensive antibiotic use) gives rise to intestinal dysbiosis, which, in turn, leads to altered intestinal levels of SCFAs that may exacerbate or maintain the altered intestinal motility.
Reportedly, immune system activation is involved in the pathophysiology of IBS (Barbara et al., 2011) . In particular, cytokines are mediators of immune responses that can be involved in motor dysfunctions and visceral pain (Dinan et al., 2006) . In this study, correlation analyses revealed significant positive associations of IgA and IFNγ with evacuation frequency. Little information is available in the scientific literature concerning intestinal IgA in IBS; nonetheless, our results are consistent with those of Wahnschaffe and colleagues (2001) , who reported a significant decrease in stool frequency and intestinal IgA levels under a gluten-free diet in a subgroup of celiac IBS patients. In addition, IFNγ was shown to be increased in the gut of IBS patients and to reduce the expression of the serotonin transporter (SERT), thereby resulting in increased serotonin levels and motility (Barbaro et al., 2016) .
Conclusions
This study suggests that the altered distribution of bacteria inside the Gram-positive order Clostridiales can be used to distinguish the intestinal microbial ecosystem of IBS subtypes and plausibly contributes to the observed altered fecal levels of SCFAs. The main limitation of this study is the limited sample size. Nonetheless, we believe that the repeated measures per patient combined with the bioinformatics analysis that we used was suitable to identify key microbial signatures that can define the IBS types. Although we are aware that the results presented here are not proof of a cause-effect relationship between IME and clinical outputs in IBS, we hypothesize that intestinal Clostridiales and colonic SCFAs can be used as mechanistic biomarkers of IBS subtypes and also potentially represent therapeutic targets. In addition, this study supports the notion that distinct therapeutic approaches should be developed for the different IBS subtypes.
Experimental procedures

Patients and study protocol
Eligible patients with symptoms meeting the Rome III criteria for IBS diagnosis were recruited in five Italian hospitals as previously described (Cremon et al., 2018) . In brief, the inclusion criteria comprised a positive diagnosis of IBS (of any subtype), age between 18 and 65 years, negative colonoscopy or barium enema examination within the previous 2 years, and negative relevant additional screening or consultation whenever appropriate. Patients were excluded if they were pregnant, breastfeeding, or not using reliable methods of contraception. The exclusion criteria also included the presence of intestinal organic diseases, such as celiac disease, as ascertained by the detection of anti-transglutaminase antibodies; diverticular disease; or inflammatory bowel diseases (IBDs; e.g., Crohn's disease, ulcerative colitis, infectious colitis, ischemic colitis, or microscopic colitis); previous major abdominal surgery; untreated food intolerance, such as ascertained or suspected lactose intolerance as defined by an anamnestic evaluation or, if appropriate, a lactose breath test; consumption of probiotics or topical and/or systemic antibiotic therapy during the month before study enrolment; systematic/frequent consumption (i.e., once weekly or more frequent) of contact laxatives; presence of any relevant organic, systemic, or metabolic disease as assessed by the medical history, appropriate consultations, and laboratory tests; or abnormal laboratory values deemed to be clinically significant on the basis of predefined values. Upon enrollment, all patients were asked to maintain their habitual diet. The gender, age, and subtypes of the enrolled population are reported in Supporting Information, Table 1 . The enrolled patients were included in a multicenter, randomized, double-blind, cross-over, placebo-controlled, pilot trial (PROBE-IBS trial, registered under the ClinicalTrial. gov No. NCT02371499), whose primary endpoint was the assessment of the effect of Lactobacillus paracasei CNCM I-1572 (LCDG) on the IBS clinical symptoms. The design and results of the PROBE-IBS trial are described in Cremon and colleagues (2018) . In brief, PROBE-IBS consisted of a two-week run-in phase, after which the volunteers were randomly assigned to take either LCDG twice daily for four weeks or a placebo (treatment A). At the end of this phase, the patients entered a four-week washout period before crossing over to the alternate treatment (twice daily for four weeks: treatment B), followed by a four-week follow-up period. The patients collected and delivered a fecal sample before and after treatment A (at visits V1 and V2, respectively), before and after treatment B (at visits V3 and V4, respectively), and after the follow-up period (visit V5). The number of patients was calculated before the recruitment started.
Collected data and missing samples
A total of 40 IBS patients (IBS-C, n = 12; IBS-D, n = 14; IBS-M, n = 3; IBS-U, n = 11) were included in the study. IBS subtypes were classified according to the Rome III criteria and based on Bristol Stool Form scale characteristics (Longstreth et al., 2006) . Information and biological specimens were collected every four weeks at five consecutive time points (visits V1-V5) according to the trial design described by Cremon and colleagues (2018) . One participant (belonging to the IBS-D subgroup) dropped out after visit V3 and, consequently, 198 fecal samples were collected. 16S rRNA gene profiling analyses were performed on all samples, whereas SCFAs were quantified in the 5 fecal samples of 37 patients (i.e., a total of 185 samples; IBS-C, n = 12; IBS-D, n = 11; IBS-M, n = 3; IBS-U, n = 11) due to insufficient specimens. Data from Bristol stool scale, anxiety/depression scales, and IgA and cytokine data were available as described in Cremon and colleagues (2018) . Correlation analyses were performed using data from a subgroup of 150 samples (30 patients) instead of 200 (40 patients) because we removed samples with immunological data below the detection limit.
After the end of the study, we also included 16 control subjects (i.e., nondiseased adults without IBS). Controls were recruited to match the parameters of age and sex of the IBS patients (Supporting Information, Table 1 ).
Profiling of the fecal microbiota composition
Fecal samples were collected by patients and kept in refrigerator until delivery to the laboratory. Once delivered, stools were stored at −80 C until the beginning of the analysis. Metagenomic DNA was extracted from about 200 mg of feces using the PowerSoil® DNA Isolation Kit (MO BIO Laboratories) according to the manufacturer's instructions. Subsequently, the bacterial community structure was profiled by 16S rRNA gene profiling. In brief, Probio_Uni and Probio_Rev primers were used to amplify a partial region of the 16S rRNA encompassing the V3 variable region (Milani et al., 2013) . Next, amplicons were sequenced using Illumina MiSeq System and the resulting sequence reads were managed by means of the bioinformatic pipeline Quantitative Insights Into Microbial Ecology (QIIME) version 1.7.0 (Caporaso et al., 2010) with the GreenGenes database (version 13.5), which allowed clustering of sequences into operational taxonomic units (OTUs). Metadata have been deposited in the European Nucleotide Archive (ENA) of the European Bioinformatics Institute under accession code PRJEB18753.
Quantification of fecal short-chain fatty acids (SCFAs)
SCFAs were quantified in the fecal samples as previously described (Gargari et al., 2016) . In brief, 100 mg of stools were suspended in 2 ml of 0.001% formic acid, vortexed for 1 min, and centrifuged at 1,000g for 2 min at 4 C.
Supernatant was recovered and pellet was extracted again as described above. Then, the two supernatants were combined and the volume adjusted to 5 ml with 0.001% formic acid solution. All extracts were stored at −20 C until analysis, which was performed by UPLC-HR-MS on Acquity UPLC separation module (Waters, Milford, MA) coupled with an Exactive Orbitrap MS through an HESI-II probe for electrospray ionization (Thermo Scientific, San Jose, CA). Column, ion source and interface conditions were reported in (Gargari et al., 2016) . Elution was carried out at a flow-rate of 0.2 ml/min with solvents 0.001% HCOOH in MilliQ-treated water (solvent A) and CH 3 OH:CH 3 CN (1:1 v/v, solvent B), using the following elution gradient: 0% B for 4 min, 0-15% B in 6 min, 15-20% B in 5 min, 20% for 13 min, and then return to initial conditions in 1 min. Subsequently, the UPLC eluate was analyzed in full scan MS in the range 50-130 m/z as described elsewhere (Gargari et al., 2016) . External calibration curves were prepared with reagents from SigmaAldrich (Milan, Italy) to quantify acetic, butyric, isobutyric, isovaleric, propionic, and valeric acids in fecal samples. SCFA concentrations were expressed in mmol per kilogram of wet feces.
Statistical analysis
Data concerning the intestinal microbial ecosystem (16S rRNA gene profiles and SCFA quantifications) were analyzed using R statistics software (version 3.1.2) and QIIME. Significant differences were determined using the Wilcoxon-Mann-Whitney test for unpaired data. Significant differences at the OTU level between IBS subtypes were determined using differential gene expression analysis based on the negative binomial distribution method (R/Bioconductor DESeq2 package); an FDR-adjusted p value (q value) with a cut-off value of 0.1 was used for the threshold (Love et al., 2014) . DESeq2 analysis was performed on both single (V1) and median (V1-V5) microbiomic data. For the analysis of the median profiling data, the DESq2 model was applied to the medians of the reads counts at five time points per subject. Correlation analyses were performed using the Kendall and Spearman formulas with the items specified in the text as predictors and dependent variables. Significance was set at p ≤ 0.05; significance in the range 0.05 < p < 0.10 was accepted as a trend. UNIFRAC algorithms were used to study the intersample diversity of the fecal microbiota composition. To define enterotypes, microbiota profiling data were analyzed based on genus relative abundance using the JSD distance and the Partitioning Around Medoids (PAM) algorithm (Gargari et al., 2016) . Significant differences between groups of samples in principal component analyses were assessed using the nonparametric statistical test ANOSIM (analysis of similarities).
